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What  effect  does a diffuse  hypoxia-ischemia  have on a minor  stroke  perinatally?
Neonatal  rats  had  minor  photothrombosis+  mild  cerebral  hypoxia-ischemia  (HI).
Near  the  minor  infarct,  substantial  patchy  areas  of  enhanced  injury  appeared  post  HI.
Sham  surgery  and  head  manipulation  followed  by HI  also  produced  heterogeneous  injury.
Mild  cerebral  insults  combined  with  diffuse  HI  2  d  later  can  exacerbate  brain  damage.
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Purpose:  To  determine  whether  damage  to  neonatal  brain  is exacerbated  with  multiple  mild  cerebral
insults  as detected  with  MRI and  corroborated  using  histology.
Materials  and  methods:  The  combined  brain  injury  produced  by multiple  procedures  was  compared  in
neonatal  rats  having:  Sham  surgery  at P5,  Sham  surgery  at P5  plus  a  diffuse  mild  transient  unilateral
cerebral  hypoxia  ischemia  (HI)  at P7, HI alone,  and  a minor  photothrombotic  (PT)  stroke  at  P5 followed
by  HI. MRI  after  the  ischemic  insults  was  followed  by  ﬁnal  histology.
Results:  PT  produced  lesions  with  increased  T2 and  decreased  apparent  diffusion  coefﬁcient  for  water
(ADC)  but  no  signiﬁcant  effects  of a second  HI. However,  near  the  PT  lesion/parietal  cortex  there  were
patchy  areas  of  enhanced  T2 and decreased  ADC  in  6/9,  3/8 and  0/8  animals  in the  PT + HI,  Sham  + HI and
HI  groups,  respectively  (P<0.05).  Patches  corresponded  histologically  to increased  vacuolation  and  cellrain injury
agnetic resonance imaging
at
death  and  were  more  pronounced  in  the  PT  +  HI and  Sham  +  PT  groups  than  the  HI group.
Conclusion:  The  extent  of  damage  produced  by  a  minor  neonatal  stroke  followed  by  a diffuse  HI  two  days
later  results  in  heterogeneous  enhancement  of T2, ADC  and  histological  injury  near  the  lesion.  Surgi-
cal  procedures  including  mechanical  head  manipulation  followed  by  HI also  produced  some  enhanced
heterogeneity  of  hypoxic-ischemic  injury  afﬁrming  the  need  for  sham  controls.
©  2016  The  Authors.  Published  by Elsevier  Ireland  Ltd.  This  is an open  access  article  under  the CC. Introduction
The cumulative effect of repeated injury on neonatal brain has
he potential for producing substantial brain damage and neurolog-
cal dysfunction with life-long challenges for the child, family and
ociety. Multiple cerebral insults in the perinatal period are not
ncommon and include multiple ischemic events both prenatally
Abbreviations: ANOVA, analysis of variance; MRI, magnetic resonance imaging;
T, photothrombosis; HI, hypoxia-ischemia.
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and postnatally such as cardiopulmonary resuscitation, patent duc-
tus arteriosis and chronic lung disease, in addition to sepsis, all of
which increase the risk for cerebral palsy, perinatal stroke or neona-
tal hypoxic-ischemic encephalopathy [1–4]. There is also evidence
for focal ischemia or perinatal stroke occurring in combination
with diffuse hypoxic-ischemic insults and recurrence of perina-
tal stroke [5,6]. Our knowledge regarding the combined effects of
multiple mild ischemic insults in the perinatal period is limited.
There is evidence in adults that recurrent mild cerebral ischemia
enhances brain damage in adult rats [7]. Combinations of multi-
ple injurious events such as sepsis in combination with cerebral
hypoxia-ischemia exacerbates damage in neonatal rats whereas in
fetal sheep, recurrent hypoxic-ischemic events exacerbate white
 article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
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Fig. 1. Experimental Design. A. Rats were subjected to: mild Unilateral Cerebral
Hypoxia-Ischemia (HI) at postnatal day 7 (P7), Sham Surgery at P5, Sham+ HI, or
Bilateral (Bil.) Photothrombosis (PT) at P5 + HI. Magnetic resonance imaging (MRI)
was  performed and brains were processed at times shown. B. A minor PT ischemic
lesion was  produced bilaterally in parietal cortex. Transient hypoxia-ischemia was
produced in the territory of the middle cerebral artery on the side with right carotid
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srtery occlusion. MRI  analysis was  performed in a parietal slice with the left and
ight PT lesions if present and in an adjacent anterior slice.
atter necrosis [8,9]. Understanding better the diagnosis and
athophysiology of recurrent cortical ischemic insults perinatally
ould provide a basic step towards improving outcomes.
Thus we aimed to investigate in perinatal brain the combined
njury produced by a minor cortical ischemic stroke followed by a
econd mild cerebral ischemic insult. An animal model was used
o produce well timed multiple events using an interval of 2d in
rder to allow a 24 h magnetic resonance imaging (MRI) conﬁrma-
ion of the damage produced by the ﬁrst insult which was a minor
hotothrombosis (PT) [10]. This was followed by a diffuse mild tran-
ient unilateral cerebral hypoxia-ischemia (HI) that has methods
ell established for P7 [11]. Thus the ﬁrst stroke was produced
t P5 and the second at P7, which are the equivalent of approx.
2–36 w and 36–40 w gestational age in the human [12]. A group
ith a sham photothrombosis procedure prior to HI was  included
o control for possible mild cerebral injury produced by surgical
reparation of the skull in these immature rats.
. Material and methods
.1. Experimental animals
Eight pregnant female Wistar rats (Charles River, Montreal,
anada) were acclimatized to a 12 h light/dark cycle with free
ccess to food and water for at least one week prior to par-
urition. Neonates were randomized to three groups (producing
 = 10/group) of animals subjected to sham procedures or bilat-
ral minor photothrombosis (PT) followed by transient unilateral
ypoxia-ischemia (HI). Experimental groups for comparison were
s follows: mild HI, Sham + HI and bilateral PT+ HI (Fig. 1A). Also
ncluded are Sham animals (n = 10) from initial studies that were
ubjected to PT procedures and low light illumination resultingetters 634 (2016) 13–18
in no damage on MRI  or histology. The PT contralateral to the HI
produced a stroke at P5 in the non-ischemic hemisphere whereas
the PT ipsilaterally had combined injuries (Fig. 1B). Additional ani-
mals subjected to these procedures were excluded because they
had either no initial PT lesion (n = 4), a large PT lesion (n = 2), no
effect of HI (n = 5) or severe HI (n = 3).
2.2. Production of minor photothrombotic lesions
Relatively small photothrombotic ischemic lesions were pro-
duced bilaterally in the parietal cortex using methods modiﬁed
for the neonate from those used in adult rats [10]. Brieﬂy, isoﬂu-
rane anesthetized neonatal rats (P5, mean weight of 11.0 ± 1.2 g)
had a mask comprised of two 2 mm × 2 mm openings (Fig. 1B)
positioned on the exposed skull 1 mm  posterior to bregma. Nor-
mothermia (axillary skin temperature of 35 ◦C) was  maintained
using a servo-controlled heating pad and infrared lamp. Anes-
thesia was adjusted to maintain regular spontaneous respiration
(20–35 breaths/min, mean 24.9 ± 4). The skull was  illuminated for
5–20 min  after Rose Bengal injection (60 mg/kg, 12 mg/ml IP). For
a sham control surgery prior to HI, animals were subjected to the
same duration of surgical procedures and manipulations as for PT
but with injection of saline and no illumination.
2.3. Production of a mild unilateral transient hypoxia-ischemia
On the 7th day of life, P7 pups (mean weight 13.3 ± 1.4 g) were
subjected to mild unilateral cerebral hypoxia-ischemia as described
previously [11]. This involved surgical occlusion of the right com-
mon  carotid artery under isoﬂurane anesthesia. This was followed
by exposure to 65 min  of hypoxia (8% O2, 92% N2) in a chamber
controlled at 34.5 ◦C.
2.4. Magnetic resonance imaging
MR scans were acquired in isoﬂurane anesthetized rats using a
9.4T magnet and a Bruker Biospin MR imaging system as described
previously [10]. Contiguous 0.8 mm thick slices covering the cere-
brum were acquired (ﬁeld of view of 2 cm × 2 cm and matrix of
128 × 128). T2 maps (a multi-echo (10 ms)  spin-echo scan) and
Diffusion weighted (DW) images (an echo-planar diffusion ten-
sor imaging scan) were acquired to measure T2 and ADC  using
Bruker software. ADC scans with motion artifacts were excluded
from analysis.
Regions of interest included the PT lesion area and temporal cor-
tex and a region remote from the PT lesion but subjected to HI. In
addition, to obtain a measure of peri-lesion region changes or mea-
sures of HI heterogeneity in the parietal cortex, MR  slices from all
animals were inspected blinded to group. Slices with marked het-
erogeneity within mid-cerebral right parietal cortex were selected
and outlined for measurement of an area of maximal MR  change
(termed a ‘Patch’ region) and an adjacent less intense area of MR
change (a ‘Peri Patch’ region). The areas of hyperintensity were used
to measure the volume of the Patch regions. Slices with maximal
Patch regions were selected for MR  measures except for the PT + HI
group where a slice adjacent to the PT lesion was  used.
2.5. Histological analysis
The day after the last MRI, pentobarbital anesthetized rats were
formalin ﬁxed and brains processed. Parafﬁn embedded sections
(6 m)  were stained with hematoxylin and eosin or ﬂuorajade
B (Histo-Chem, Inc., Jefferson, Arkansas,USA) as described previ-
ously [13]. Cellular changes in sections were sketched onto brain
diagrams as regions of ischemic injury with selective necrosis,
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Fig. 2. Representative Magnetic Resonance Image T2 maps, diffusion weighted (DW) images and Apparent Diffusion Coefﬁcient (ADC) maps (A-D). Images are from: A. 3 rats
(a-c)  subjected to hypoxia-ischemia (HI), B. a rat subjected to a Sham procedure, C. 2 rats subject to a Sham + HI procedure and D. a rat with contralateral photothrombosis (PT,
blue  outline) at P5 imaged at P6 and P8. Patchy regions (arrows) of increased T2 and DW and decreased ADC were observed in the Sham + HI group. Mean quantitative T2 (E)
and  ADC (F) values within temporal cortex from groups subjected to HI resulted in ischemic changes and signiﬁcant differences compared to the corresponding contralateral
hemisphere (*P < 0.05, **P < 0.005, Students paired t-test; Group differences n.s. ANOVA). Mean T2 (G) and ADC (H) measures within the PT lesion demonstrate similar changes
after  the PT insult at P6 with partial pseudonormalization at P8 but continued differences compared to a control region (Sham parietal cortex or the noninjured contralateral
p , ††P <
A lour in
i
s
2
s
S
f
n
r
3
3
i
earietal  cortex in the HI group for T2 and ADC comparisons, respectivley) (†P < 0.05
NOVA and Student Neuman-Keuls test) (For interpretation of the references to co
ncomplete infarction or pannecrosis and registered with the MR
lices [13].
.6. Statistical analysis
Data is reported as mean ± SD. Differences in means were con-
idered signiﬁcant at P < 0.05 using SigmaPlot 13 software. (Systat
oftware Inc, San Jose, Ca) using an analysis of variance (ANOVA)
ollowed by a multiple comparison of means or medians for non-
ormal data. Repeated measures were compared using a two-way
epeated measures ANOVA.
. Results
.1. Effect of mild HIThe mild HI neonatal rat model used produces transient
schemia unilateral to the occlusion during the hypoxia and as
xpected for the mild model [11] there were modest T2 increases 0.003 Different from Control Parietal Cortex, ‡  P < 0.001 Different from P6 values.
 this ﬁgure legend, the reader is referred to the web version of this article.)
and ADC changes predominantly localized to white matter varying
to more widespread moderate increases in T2 or ADC that included
cerebral cortex (see three representative animals in Fig. 2A). There
was a spatial correspondence between T2, DW and ADC changes.
More intense and widespread DW intensity changes were con-
sidered related to head motion. Alternatively, in some cases T2
increases were relatively diffuse compared to ADC changes that
were maximal within a cortical cell layer, possibly reﬂecting differ-
ences in the MR  measures of cellular edema and water diffusion.
There was some moderate heterogeneity within the parietal cortex
that included columnar changes but patches of marked altered T2 or
ADC were not observed (0/8 animals, 2 with ADC motion excluded).
In the Sham group, there were no T2 or DW imaging hyperinten-
sities (homogeneous cortex in 10/10 animals). There were modest
regional differences in ADC (e.g. Fig. 2B), with values lower in tem-
poral than parietal cortex. In the Sham + HI group, the majority
of animals had ipsilateral T2 and DW hyperintensities similar to
those with HI alone. However, obvious patchy regions of increased
T2 and DW were observed within parietal cortex in three of 8
16 U.I. Tuor et al. / Neuroscience Letters 634 (2016) 13–18
Fig. 3. Representative MRI  from a rat subjected to bilateral minor photothrombosis (PT) at P5 followed by unilateral right hypoxia-ischemia (HI) at P7 (A). Slices 1 and 2
contain the PT lesion (outlined in blue). Following HI, there are heterogeneous regions (arrows) or Patches of increased T2 and DW and decreased ADC in Slices 2–4. The
heterogeneity of the imaging changes quantiﬁed within Patch and Peri-Patch regions in an anterior slice are presented as values normalized to those in contralateral parietal
cortex  (B). Mean values in Patch regions differed from the adjacent Peri Patch values for all groups but differences were greatest in the PT + HI group (C). *P < 0.05, **P < 0.003.
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est  (non- normal distribution). (For interpretation of the references to colour in th
nimals (2 with ADC excluded) (e.g. Fig. 2C). In temporal cor-
ex, imaging changes appeared similar to HI for all animals and
uantitative changes in the Sham + HI and HI groups were similar
Fig. 2 E,F).
.2. T2 and ADC changes in the lesion area of minor
hotothrombosis
The PT procedure produced lesions of DW and T2 hyperintensity
n 1–3 slices bilaterally (e.g. Figs. 2D and 3A) with the exception of
wo animals that had only unilateral (right) lesions. ADC in the PT
esion was either homogeneously decreased or included a darker
im. The hemispheric size and location of the lesions differed some-
hat likely related to slight skewness of the mask and light position.
 central slice containing the PT lesion was selected for quantita-
ion and mean T2 and ADC values within the left and right lesions
t P6 were similar (Fig. 2G,H) as were the relatively small lesions
izes (mean areas of 1.25 ± 0.65 and 1.29 ± 0.7 mm2, respectively).
t postnatal day 8, the increases in T2 and decreases in ADC in
he contralateral PT lesion area resolved towards normal result-
ng in differences between the ﬁrst and second mean T2 (P < 0.001)
Fig. 2D,G,H).rent from HI, Student Neuman Keul’s test; ‡P < 0.05 different from HI, Dunns rank
re legend, the reader is referred to the web version of this article.)
3.3. Effect of minor PT combined with mild HI
The mild HI insult in the PT + HI group produced ischemic
changes in right temporal cortex (e.g. Fig. 3A) and mean changes
were comparable to the other groups (Fig. 2E,F). MRI  changes in the
right PT lesion ipsilateral to the HI also partially pseudonormalized
between P6 and P8 with a trend for somewhat greater normaliza-
tion in the contralateral than ipsilateral PT lesion (Fig. 2G,H).
In regions near the PT, either within the same slice or in an adja-
cent slice, there were hyperintense areas of increased T2 and DW,
with corresponding decreases in ADC (e.g. Fig. 3A). This was  appar-
ent in 6/9 animals in the PT + HI group (Different from HI group,
Fisher’s exact test). The mean volumes of the Patch regions were
0.06 ± 0.07, 0.59 ± 0.66 and 1.26 ± 0.83 mm3 for the HI, Sham + HI
and PT + HI groups, respectively (HI diff from PT + HI, P < 0.003, Dunn
test, ANOVA of Ranks, non-normal distribution). To investigate local
heterogeneity we compared Patch and Peri Patch changes normal-
ized to homologous contralateral cortex (Fig. 3B; Absolute values
in Supplementary Table 1). The differences between the Patch and
Peri Patch values were greatest in the PT + HI group indicating
that hypoxic-ischemic changes were most heterogeneous in this
group (Fig. 3C). The ADC Differences for these regions also differed
between the Sham + PT and Sham + HI groups (P < 0.05).
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Fig. 4. Histological sections (A,C,D) corresponding with MR  imaging changes (E) in a representative animal with photothrombosis (PT) followed by unilateral transient
hypoxia-ischemia (HI). An example of injury localized to the contralateral PT lesion is shown in the ﬂuorojade stained section (B) showing positive staining of dying cells in
addition to background ﬂuorescence. Pannecrosis and vacuolation is evident in the PT lesion (blue outline) in the hematoxylin and eosin stained section (A) corresponding
to  the MR lesion changes. Adjacent to the lesion, are patchy regions of altered MR (arrows) corresponding to regions of vacuolation evident in the hematoxylin and Eosin
stained  section (A) and increased cell death in the ﬂuorojade section (C, box inset at higher magniﬁcation in D). There are scattered groups of cell death throughout the right
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o  the web version of this article.)
The injury observed in histological sections corresponded well
o the MRI  changes observed considering the differences in spatial
esolution − 6 m vs 0.8 mm thick slices. Within the PT lesion (e.g.
ig. 4, blue outline), there was pannecrosis and cell loss observed in
ematoxylin and eosin or ﬂuorojade stained sections correspond-
ng to partial pseudonormalization of T2 and ADC within the lesion
rea (Fig. 4E). For a peri-lesion region contralateral to the HI, cell
eath was localized to the PT lesion (e.g. Fig. 4B). In contrast,
n perilesion regions ipsilateral to the HI, particularly for regions
ontaining patches of increased T2 and decreased ADC (e.g. Fig. 4
rrows), there was greater severity of damage, including increased
acuolation and scattered cell death. There was  also evidence for
schemic injury throughout remaining parietal and temporal cortex
e.g. dashed arrows) consisting of partial infarct, scattered necrosis
r predominantly white matter injury depending on the severity
f the HI injury in that animal. In general the severity of damage
bserved in Peri Patch and temporal cortical regions within animals
as similar.nterpretation of the references to colour in this ﬁgure legend, the reader is referred
4. Discussion
This study provides, to the best of our knowledge, the ﬁrst
demonstration of the interactions between a minor stroke in imma-
ture neonatal brain and a subsequent mild HI insult. The results
demonstrate that: 1. there is heterogeneity in hypoxic ischemic
injury in parietal cortex, 2. near a minor stroke the spatial het-
erogeneity in injury is enhanced as detected by localized regions
of markedly increased T2 and decreased ADC and histological cell
damage 3. such heterogeneity in injury can also occur, albeit less
frequently, in the parietal cortex of animals with a Sham PT surgery
prior to HI. This indicates that there can be an adverse effect of
an initial cerebral photothrombosis or surgical manipulation on
damage produced by a mild cortical hypoxia-ischemia 2 days later.
The localized regions of pronounced ischemic injury near the
initial minor stroke are consistent with previous observations in
fetal sheep or the adult rat. In fetal sheep an initial hypoxic-
ischemic insult known to produce predominantly white matter
injury, followed 6 d later by a second insult, was  associated with
increased white matter necrosis [9]. In the adult rat, multiple mild
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[
[8 U.I. Tuor et al. / Neurosci
ransient cerebral ischemia separated by 1d or multiple minor PT
eparated by 2d produced enhanced T2 changes and histological
amage [7,13]. In the neonate, the location of the enhanced recur-
ent injury was up to several slices away from the PT lesion and
his lesion lacked a peri-infarct region of modest T2 increase or
cattered cell death usually observed following PT in the adult [10].
roduction of heterogeneous ischemic changes despite a lack of
enumbral injury suggests even mild changes can inﬂuence a recur-
ent insult. This is also supported by the observation of patches of
ncreased MRI  changes in a few of the Sham + HI animals. Because
R or histological ischemic injury was not detected following the
ham PT procedure, it appears the tissue perturbations produced by
reparation for PT (i.e. scalp retraction, skull clearance and mask
ositioning) although modest was sufﬁcient to sometimes inﬂu-
nce the HI insult. Taken together the results suggest that the initial
T and likely also sham trauma may  produce continuing injury or
rogressive inﬂammatory changes (e.g. release of proinﬂamma-
ory, anti-inﬂammatory and/or reparative factors) that adversely
nteract with the HI [4]. Determining which factors is beyond the
cope of the current study.
Another possibility, is that disruption of an extracerebral sup-
ly of vessels or blockage of cortical vessels (e.g. by scalp retraction
n Shams or photothrombotic occlusion of vessels, respectively)
ffects the severity of regional hypoperfusion produced by a sub-
equent HI. With such disruptions during HI, regions of altered
ollaterals and ﬂow could result in a variety of localized ﬂow reduc-
ions in parietal cortex or at some distance from the minor infarct.
ndeed, ﬂow patterns with a single or multiple arteriolar occlusions
re complex [14]. Future studies with cortical perfusion measures
uring the HI could provide insights into the contribution of local
hanges in severity of ischemia to exacerbating damage.
The current neonatal model of recurrent stroke is novel and has
otential for elucidating other understudied aspects of multiple
schemic insults. Because the effect of varying the timing between
nsults is important, we have performed pilot studies that short-
ned the time between insults to 1d. However, we found that the
eonatal rats did not tolerate well multiple insults and MRI  within
-2 days. An alternative approach that is readily achieved and a
ommon situation clinically, is to reverse the order of the HI and PT
rocedures. This could provide insights into the effects of a diffuse
I followed at different recovery times by a minor stroke. Finally,
ombining a controlled mild traumatic brain injury with a mild
ypoxic-ischemic insult could also provide clinically important
nsights into pathophysiology of recurrent perinatal brain injury.
. Conclusion
The extent of damage produced by a minor neonatal stroke fol-
owed by a diffuse HI two days later results in enhanced T2, ADC
nd histological injury in heterogeneous regions of parietal cor-
ex near the lesion. Sham mechanical manipulation of the skull
ollowed by HI also produced some enhanced heterogeneity of
ypoxic-ischemic injury, supporting a potential for adverse inter-
ctions between mild perinatal brain traumatic injury and HI and
fﬁrming the need for sham controls.
thical approval
The care and handling of all animals was carried out in accor-
ance with the guidelines of the Canadian Council on Animal Care
or care and use of experimental animals under protocols approved
y the University of Calgary Health Sciences Animal Care Commit-
ee (Protocol M11017 and AC15-0043).
[etters 634 (2016) 13–18
Conﬂict of interest
The Authors declare that they have no conﬂict of interest.
Authors’ contributions
UI Tuor and M Qiao both contributed to project development,
to data collection and management, and, to data analysis. M Sule
contributed to data collection and analysis. All authors contributed
to writing of the manuscript and have approved the ﬁnal article.
Funding
This work was  supported by the Canadian Institutes of Health
Research [grant #MOP111037].
Acknowledgements
The authors gratefully acknowledge M.  Morgunov’s surgical
assistance in the initial rat experiments. D Rushforth and T Foniok
provided excellent technical contributions to animal MR  imaging
and the acquisition of quality MRI  scans.
Appendix A. Supplementary data
Supplementary data associated with this article can be found,
in the online version, at http://dx.doi.org/10.1016/j.neulet.2016.09.
057.
References
[1] L.W. Wang, Y.C. Lin, S.T. Wang, T.F. Yeh, C.C. Huang, Hypoxic/ischemic and
infectious events have cumulative effects on the risk of cerebral palsy in
very-low-birth-weight preterm infants, Neonatology 106 (2014) 209–215.
[2] S. Chabrier, B. Husson, M.  Dinomais, P. Landrieu, Nguyen The Tich, New
insights (and new interrogations) in perinatal arterial ischemic stroke,
Thromb. Res. 127 (2011) 13–22.
[3] A. Mineyko, A. Kirton, The black box of perinatal ischemic stroke
pathogenesis, J. Child Neurol. 26 (2011) 1154–1162.
[4] H. Hagberg, C. Mallard, D.M. Ferriero, S.J. Vannucci, S.W. Levison, Z.S. Vexler, P.
Gressens, The role of inﬂammation in perinatal brain injury, Nat. Rev. Neurol.
11  (2015) 192–208.
[5] A. Michoulas, S.N. Basheer, E.H. Roland, K. Poskitt, S. Miller, A. Hill, The role of
hypoxia-ischemia in term newborns with arterial stroke, Pediatr. Neurol 44
(2011) 254–258.
[6] V. Machado, S. Pimentel, F. Pinto, J. Nona, Perinatal ischemic stroke: a
ﬁve-year retrospective study in a level-III maternity, Einstein. (Sao Paulo) 13
(2015) 65–71.
[7] U.I. Tuor, Z. Zhao, P.A. Barber, M.  Qiao, Recurrent mild cerebral ischemia:
enhanced brain injury following acute compared to subacute recurrence in
the rat, BMC. Neurosci. 17 (2016) 28.
[8] H.J. Bonestroo, C.J. Heijnen, F. Groenendaal, B.F. Van, C.H. Nijboer,
Development of cerebral gray and white matter injury and cerebral
inﬂammation over time after inﬂammatory perinatal asphyxia, Dev. Neurosci.
37  (2015) 78–94.
[9] M.W.  Hagen, A. Riddle, E. McClendon, X. Gong, D. Shaver, T. Srivastava, J.M.
Dean, J.Z. Bai, T.M. Fowke, A.J. Gunn, D.F. Jones, L.S. Sherman, M.R. Grafe, A.R.
Hohimer, S.A. Back, Role of recurrent hypoxia-ischemia in preterm white
matter injury severity, PLoS One 9 (2014) e112800.
10] U.I. Tuor, M.  Qiao, M.  Sule, M.  Morgunov, T. Foniok, MR Imaging of Ischemic
Injury Produced by Differing Severities of Photothrombosis Differs in
Neonatal and Adult Brain, NMR  in Biomed., in press.
11] M.  Qiao, S. Meng, T. Foniok, U.I. Tuor, Mild cerebral hypoxia-ischemia
produces a sub-acute transient inﬂammatory response that is less selective
and  prolonged after a substantial insult, Int. J. Dev. Neurosci. 27 (2009)
691–700.
12] B.D. Semple, K. Blomgren, K. Gimlin, D.M. Ferriero, L.J. Noble-Haeusslein,
Brain development in rodents and humans: identifying benchmarks of
maturation and vulnerability to injury across species, Prog. Neurobiol.
106–107 (2013) 1–16.
13] U.I. Tuor, Q. Deng, D. Rushforth, T. Foniok, M.  Qiao, Model of minor stroke with
mild peri-infarct ischemic injury, J. Neurosci. Methods 268 (2016) 56–65.
14] A.Y. Shih, C. Ruhlmann, P. Blinder, A. Devor, P.J. Drew, B. Friedman, P.M.
Knutsen, P.D. Lyden, C. Mateo, L. Mellander, N. Nishimura, C.B. Schaffer, P.S.
Tsai, D. Kleinfeld, Robust and fragile aspects of cortical blood ﬂow in relation
to the underlying angioarchitecture, Microcirculation 22 (2015) 204–218.
